has been used for these composites because its addition (graphite particle volume fraction > 0.2) [2] reduces the coefficient of friction and increases the wear resistance, as compared with the matrix. Easy glide of the basal planes under ambient cond itions is responsib le for the lubricity and antiseizure characteristics of gra phite. Glassy (amorphous) ca rbon, on the o ther hand, is much harder, approximate knoop hardness of 1300 kg/rrun 2 [3[ . One would therefore ex pect very different wear and friction behavior of the copper alloy composites based on the amorphous versus graphitic carbon. We have recently reported the room temperatu re wear and friction behavior of Cu-6Si-0.9Cr alloy-carbon composi tes, containing varying fractions of the amorphous and graphitic carbon, aga ins t cast iron plate [4] . In this paper we report the load dependence of the room temperature wear and fric tion behavior of these composites wearing against their own plates. Microporous carbon preforms [5, 6] were used instead of the conventionally used carbon parti culates [2] , because their melt infiltration was expected to result in a fine and uniform distribution of the 2 phases, metallic matrix and ca rbon (amorphous and graphitic). Such a fine distribution is desirable for mechanical properties and wear resistance.
Experimental procedure

Preforlll fabrication
The microporous carbon preforms were made from a mixture of furfuryl alcohol resin, diethylene and triethylene glycol, and p-toluene suiphonic acid [5, 6] . The mixture was polymerized to form a porous solid polymer which is heated up to 973 K to y ield porOllS amorphous carbon p reform. Graphite particulates (-440 mesh ) were mixed into the above liquid mixture to yield varying proportions of amorphous versus graphitic carbon in the porous preforms. Mercury porosimetry was used to characterize the pore size distribution of the p reform.
Melt iI/filtration
The Cu-6Si-0.9Cr (by weight 'Yo) alloy ingots were prepa red by induction melting the charge in an alununa crucible under a flowing UHP argon atmosphere. This alloy has a liquidus of 1129 K. The alloy was remelted in a pressure infiltration casting facility and was pushed upwards into cylindrical microporous preforms (0.6 cm diameter, 10 em long) kept in an alumina tube by the help of 500 psi ar gon pressure. The pressure infiltration casting fa cility provided independent control of the melt and preform temperatures in order to achieve successful infiltration.
Wear and friction behavior
Wear and friction experiments were carried out in a pin-on-plate reciprocating wear tester [7] under ambi ent conditions at room temperature. Composite pins (2.2 cm long and 0.6 cm in diameter) were tested against composite plates (wear track length�2 cm). The load, ranging from 12 to 30 Kg (19 to 49 MPa) was applied on the composite pin, rubbing against the reciprocating plate (linear speed 20 cm s ª1 ). The fric tion force and pin displacements, measured by trans ducers, were recorded by the help of a Hewlett Pack ard data acquisition unit. Because of the reciprocating motion involved, the plate and the pin came to rest at the end of each cycle, and the rod impacting on the friction force transducer vibrated vigorously. There fore, a triggering arrangement was used to stop the data acquisition near the end of the cycle, to prevent collecting these erratic data. The time for each run, 90 min, and all other variables were kept constant.
Results
Microstructure
Preform. Fig. 1 shows typical microstructures of the 2 types of microporous carbon preforms examined in this study. One contains only amorphous carbon (Fig.  1a ), and the other contains 40 wt. % graphite and 60 wt % amorphous carbon (Fig. 1b ). The carbon struts and the interconnected continuous porosity can be clearly seen in these scanning electron micrographs. Addition of graphite particles resulted in significant increase in the pore sizes, for otherwise identical pro cessing conditions. The pore size distributions, ob tained by mercury porosimetry, are presented in Fig.  2 . The presence of graphite results in a changed pore size distribution. For the amorphous carbon preform, the skeletal density measured by mercury porosime try, 1.48 gcm ª3 , is in close agreement with the density of glassy carbon, 1.5 gcm ª3 , indicating the continuity of pores (in the presence of isolated pores, the skeletal density would appear to be less than the true density of the amorphous carbon). Addition of graphite has resulted in increased pore sizes, from 1.6 mm to 6.63 mm.
Composite. Typical microstructures of the 2 infil tration cast composites are presented in Fig. 3 . In these micrographs, the light regions are the copper al loy matrix and the gray regions are the amorphous carbon. Both the uninfiltrated pores and graphite par ticles (typically marked by arrows) appear dark. Both constituents in the microstructure, the carbon and the metallic phase, are much finer in the amorphous car bon composite ( Fig. 3a ) as compared with that con taining 40% graphitic carbon ( Fig. 3b ). There was very little porosity observed in the amorphous carbon com posite. In the other composite, agglomeration of the graphite particles was not observed, but numerous uninfiltrated pores (typically marked by an arrow in Fig. 3b ) were seen. Amorphous carbon appeared to nucleate on the preexisting graphite particles, and produce isolated pores in their vicinity which did not get infiltrated by the copper alloy melt.
Wear and friction
The initial transients in the coefficient of friction ver sus sliding distance data are presented in Fig. 4 for several normal stress values, ranging from 19 to 49 MPa. Fig. 4a represents the composite ''A'', containing 100% wt amorphous carbon, pin wearing against it self, and Fig. 4b represents composite ''B'', containing 40% graphite and 60% amorphous carbon, wearing against itself. For the ''A'' composite, the coefficients of friction showed an initial decrease to about 0.13 be fore they increased to their steady-state values corre sponding to the normal stress. With increasing normal stress on the pin, the rates of initial drop in the coef ficient of friction and that of its subsequent rise were observed to increase (Fig. 4a) . The time-period corre sponding to the minimum in the coefficient of friction was observed to decrease with the increasing normal stress. The ''B'' composite containing 40% graphite did not show this initial decrease in the coefficient of friction (Fig. 4b) . Here, the friction coefficients were observed to start from a low value and slowly in crease to their steady-state values. For both the com posites, the friction coefficients were observed to fluc tuate. The extent of their fluctuation is typically shown in Fig. 5 during their steady-state stage. In creasing normal stress on the pin not only results in higher coefficients of friction, but also increases the extent of fluctuation. The extent of fluctuation, as indi cated by one standard deviation, is about 0.003 for both type ''A'' and ''B'' composites at 17 MPa. How ever, at 49 MPa, the fluctuations are about 0.005 and 0.016 for ''A'' and ''B'', respectively. It is interesting to note that at higher normal stress, despite the presence of large volume fraction of graphitic carbon, the ex tent of fluctuation in the ''B'' composite is significantly larger than that in ''A''. For both the composites, the steady-state values of the coefficient of friction were observed to increase with the increasing normal stress (Fig. 6 ). For the ''A'' composite, it increased from about 0.17 at 10 MPa to about 0.23 at 49 MPa, whereas, for the ''B'' composite, it increased from about 0.1 at 10 MPa to about 0.2 at 49 MPa. Friction coefficient values are slightly less in the presence of graphitic carbon. The wear rates of both the com Fig. 4 
. Initial transients in the coefficient of friction versus sliding distance (room temperature, linear speed�20 ms ª1 ) as a function of the normal stress on the pin. (a) Coefficient of friction for ''A'' composite pin on ''A'' composite plate. (b) Coefficient of friction for ''B'' composite pin on ''B'' composite plate.
posites were observed to be nearly identical for the experimental conditions examined in this study (Fig.  7) . Their wear rate was approximately 6.94¿10 ª6 mmm ª1 MPa ª1 .
Metallography of the wear surface. At low stress (up to about 19 MPa), the tribosurface of the ''A'' composite pin was almost covered by a thin, translucent, carbon film. Further breakage of this film was observed at the higher normal stress on the pin. However, most of the pin surface area remained covered with this film, as shown in Fig. 8a at 40 MPa. The finely distributed, 2 phase, microstructure of the composite is clearly vis ible through this film. Non-conducting (copper oxide) debris particles, accumulating at the edges of the film where it fractured, are responsible for the sharp bright contrast (typical region marked by an arrow). The sur face of the wear track was also observed to be mostly covered with amorphous carbon, as shown in Fig. 8b . It shows a cross section through the wear track of the ''A'' composite plate. Notice the gray amorphous car bon particles at the surface, almost covering the entire surface. With increased normal stress on the pin (e.g., at 49 MPa), breakage of this film resulted in more of the bright metallic constituents being directly exposed to the pin surface. X-ray diffraction analysis of the wear debris showed it to be mostly amorphous car bon and copper oxide. Fig. 8c , shows the typical appearance of the pin sur face after testing at 49 MPa for ''B'' composite. There is extensive plastic deformation, grooving and de lamination in the metallic matrix portions of the com posite microstructure. The matrix has flowed over the carbon-containing regions, and the debris has ac cumulated in the grooves from where material was pulled off due to the adhesion and delamination. The cross section through the wear groove in the ''B'' plate also shows evidence of adhesion and delamination (Fig. 8d ) on the plate surface.
Discussion
The tribological behavior of these composites is differ ent, mainly because of the size and distribution of their microstructural constituents. The ''A'' composite, based on 100% amorphous carbon has very fine car bon struts (about 30 mm) and metallic phase (about 10 mm). Such a distribution encourages the formation of amorphous carbon coating on the wear surface, over which the 2 mating surfaces glide and abrade each other. This is specially true at low to intermediate loads on the pin. With the increasing load, some of the metallic constituents on the pin surface come in direct contact with those in the plate surface, leading to their adhesion, which is followed by delamination. The process of adhesion and delamination gives rise to increasing fluctuation in the friction coefficient. However, the fine microstructure of the ''A'' com posite does not allow a large extent of adhesive wear. In the type ''B'' composite, based on the 40% graphite and 60% amorphous carbon, the constituents are much larger (metallic constituents about 50 mm, amor phous carbon about 37 mm, and graphite about 57 mm). At the very low loads, the graphite and amor phous carbon, pulled out from the pin and plate on to the tribo-surface, lead to a continuous film forma tion and an abrasive wear with low coefficient of fric tion (about 0.1). However, this microstructure is not conducive to maintaining a continuous carbon layer over the metallic constituents at higher loads, where the metallic constituents in the pin and the plate come in direct contact with each other leading to their re peated adhesion and delamination. This results in the experimentally-observed extensive fluctuation in the coefficient of friction (Fig. 5b) .
The different initial transients of the ''A'' and ''B'' composites in their coefficient of friction versus slid ing distance are also due to this competition between the formation of the carbon film on the wear surface and the adhesion between the metallic constituents. Expulsion of carbon (or graphite) on to the tribosurfa ce is much easier for the ''B'' composite, as compared to the ''A'' composite. The ''B'' composite, therefore, initially shows a very low coefficient of friction (Fig.  4b) , which almost immediately begins to increase as more and more adhesion is achieved among the met allic constituents. An equilibrium between the ma terial transfer on to the tribosurface by repeated ad hesion and delamination, and wear debris removal, ultimately leads to the steady-state coefficients. For the ''A'' composite, the initial decrease is obtained as more and more amorphous carbon is pulled out onto the tribosurface leading to the increasing formation of the continuous carbon film. With increasing time, however, some of the metallic constituents are also pulled out onto the tribosurface. The friction coef ficient then begins to increase, finally reaching its steady-state value when dynamic equilibrium is achieved between the material transfer onto the tri bosurface by abrasive wear and removal of the wear debris. The initial transfer of the amorphous carbon onto the tribosurface, and the subsequent erosion of the metallic constituents, are both promoted by the higher loads, leading to the steeper slopes during the initial transients at 49 MPa as compared with those at 17 MPa (Fig. 4a ).
Conclusions
The following conclusions can be drawn from this re search on pressure infiltration cast Cu-C based metal matrix ceramic composites. The thin carbon film formed on the tribo-surface of graphite containing amorphous carbon-based metal matrix composites re duced the coefficent of friction and wear, especially at low loads on pin. Adhesive type of wear on the tribo surface promoted the wear and friction at high loads. Graphite addition would be beneficial at high loads only if the fine pore size distribution of the amor phous carbon can also be retained in the preforms containing graphite particles.
